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endurance.  Two  methods  of  surface  treatments  are 
used:  polishing  and  shaping.  Two  directions  of  each 
surface  treatment  are  considered:  parallel  and  per¬ 
pendicular  to  the  sliding  direction. 

The  results  are  compared  to  baseline  tests  on 
the  same  material  without  fretting  and  are  discussed 
in  terms  of  the  effect  of  surface  roughness  and 
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I nt  rodu: t i on 


Fretting  fatigue  is  a  failure  mechanism  caused 
by  a  structural  member  experiencing  fatigue  loading 
while  at  the  same  time  undergoing  a  tribological 
loading  due  to  another  body  coming  into  contact  undi 
a  clamping  load.  Fretting  fatigue  initiated  damage 
occurs  at  the  contacting  surfaces  of  components 
wnich  although  nominally  at  rest  relative  to  each 
other,  are  subjects  of  vibrations.  It  is  caused  by 
repeated  slipping  of  the  surfaces  over  part  of  thei 
mutual  contact  area.  This  movement  can,  at  or  near 
certain  points  of  contact  between  the  faces,  induce 
fatiaue  stresses  of  sufficient  intensity  to  cause  I 


of  whe  amount  of  the  fatigue  strength.  The  relation 
between  tne  fatigue  strength  Rw  and  the  fretting  fa¬ 
tigue  strength  Rw , f  can  be  formularized  by  the  equa¬ 
tion  Rw , f  =  Rw  -  dS( pi , p2 , . . . ) .  The  fretting  fatigue 
strength  is  influenced  by  factors  affecting  normal 
fatigue  but  it  additionally  involves  those  parameter 
pi i  p2 ,  ...  which  characterize  the  tribological 

system.  Thus  the  fretting  fatigue  strength  is  no 
material  specific  quantity,  as  the  fatigue  strength.. 
Put  it  is  a  quality  of  the  tribological  system  which 
can  also  be  nominated  as  a  pairing  feature  of 
components . 

Failures  due  to  fretting  fatigue  have  become 
increasingly  numerous.  Fretting  fatigue  in  technical 
systems  is  recognized  as  a  major  source  of  failure  : 
establishing  and  maintaining  structural  integrity.  I 
treouently  leaos  to  high  maintenance  and  inspectin'" 
costs,  increasing  toss  time  and  excessive  retrofit 
reoui rements .  Thus,  durability  and  safety  consioe~a- 
:ion  relate  to  the  presence  of  fretting  fatigue,  "he 
reasons  for  the  increasing  incedence  of  such  failure 
JhE  the  greater  demands  placed  on  components,  close' 
toierances,  and  the  scaling  up  of  existing  plant  to 
point  where  movement  at  mating  surfaces  exceecs  the 
critical  amplituae  for  fretting  /I, 2, 3/. 

There  are  numerous  engineering  situations  whe-r 


tne  requirements  for  the  occurrence 


f  retting 


rmk 

axle 


oue  may  be  encountered  IAI  .  One  typical  case  is 
contact  region  of  a  member  which  is  press  or  sh 
fitted  to  a  loaded  shaft,  such  as  tne  wheel-on- 
assemoly  as  shown  in  Fig. 2.  Practical  examples 
this  type  of  assembly  are  a  railway-wagon  axis 
a  pressed-on  wheel,  a  build-up  steam  turbine  ro 
consisting  of  a  shaft  with  a  shrunk-on  disc,  an 
gear  flange  fitted  on  a  shaft. 


When  the  axle  is  loaded  cyclically  it  is  suc;e 
to  pending  stresses  which  deform  the  axle.  During 
'■ctation  of  the  axle  each  point  in  the  surface  goes 
through  successive  cycles  of  compressive  and  tens), 
stress  (in  practice  such  assemblies  are  generally 
subjected  to  rotating  bending  stresses).  If  then 


the  mating  interface  exceeo: 
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Fig. 2  -  Schematic  diagram  of  a  whee l -on-ax Le  assembly 
illustrating  the  position  of  frequently  ob¬ 
served  fretting  damage. 

friction  stress  local  movement  occurs  between  the 
sleeve  and  the  axle.  The  greatest  movement  occurs  at 
the  extremities  of  the  sleeve.  The  damage  of  fret¬ 
ting  in  these  conditions  is  the  initiation  of  fatigue 
cracks  in  the  axle  so  that  fatigue  strength  of  the 
assembly  is  found  to  be  less  than  that  of  the  shaft 
itself.  Generally  these  fatigue  cracks  are  found  to 
occur  on  the  surface  of  the  shaft  in  areas  of  fret¬ 
ting  just  inside  the  wheel  seat. 

Returning  now  to  the  equation  of  the  foregoing 
page,  the  cnallenge  of  fretting  fatigue  is  consider¬ 
ably  complex  because  of  numerous  factors  pi  influenc¬ 
ing  the  processes  of  the  contacting  surfaces.  Since 
fretting  fatigue  cracks  frequently  start  at  or  near 
the  interface  of  the  contacting  bodies,  the  surface 
condition  is  an  important  consideration  in  fretting 
fatigue  life.  Rccordingly,  any  alteration  in  surface 
properties  must  bring  about  a  change  in  the  fretting 
fatigue  properties.  Ps  mating  surfaces  of  structural 
parts  are  treated  in  a  special  way,  it  is  important 
for  service  Life  whether  the  surface  treatment  de¬ 
creases  or  increases  the  resistance  against  fretting 
fatigue  initiated  damage. 


The  experimental  investigation  described  in  this 
paper  was  therefore  designed  to  examine  the  fretting 
fatigue  behaviour  of  steel  specimens,  with  specific 
reference  to  the  effects  of  mechanical  surface  treat¬ 
ments.  Two  types  of  surface  finishes  were  studied: 
Smooth  surfaces  produced  by  grinding  and  rough  sur¬ 
faces  made  by  shaping.  Within  each  group  two  direc¬ 
tions  of  surface  treatment  were  considered,  parallel 
and  perpendicular  to  the  slip  direction.  The  results 
are  compared  to  baseline  tests  on  the  same  material 
and  with  the  same  surface  treatment. 


Experimental  details 


2.1  Experimental  approach 


The  investigation  of  the  influence  of  different 
surface  finishes  on  the  fretting  fatigue  process  is 
related  to  the  whee l -on-ax le  assembly  as  shown  in 
Fig. 2.  The  selected  experimental  way  is  the  model 
test,  were  the  fretting  fatigue  conditions  occurring 
in  practice  were  simulated.  The  specimens  are  then  to 
understand  as  geometrically  abstracted  parts.  The 
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tribological  system  according  to  the  practical  press 
fit  is  shown  in  Fig. 3.  It  contains  only  those  parts 
of  the  tecnnical  system  which  immediately  take  part 
in  the  fretting  fatigue  process,  thoughtly  separated 
from  the  rest  of  the  system.  This  region  is  marked  in 
Fig. 2  by  the  dotted  lined  rectangle.  The  fatigue 
loaded  specimen  corresponds  to  the  shaft  whereas  the 
fretting  pad  which  is  presseo  against  the  specimen 
by  normal  force  corresponds  to  the  flange  of  the 
simulated  system.  The  normal  force  related  to  the 
contact  area  simulates  the  clamping  pressure  of  the 
press  fitted  assembly. 


2.2  Rpparatus 


The  loading  system  is  built  by  a  servo  hydraulic 
testing  machine  to  apply  axial  fatigue  loads  and  a 
fretting  arrangement  in  order  to  induce  fretting  in 
addition  to  the  axial  fatigue  toads.  R  diagram  of  the 
experimental  apparatus  is  shown  in  Fig. A.  The  fret¬ 
ting  arrangement  is  based  on  the  bridge  principle 
with  one  foot  of  the  bridge  anchored  on  the  upper 
specimen  grip  which  is  fixed.  The  unfixed  lower  end 
of  the  bridge  which  carries  the  cylindrical  fretting 
pad  touches  the  midsection  of  the  specimens  front¬ 
side.  The  relative  movement  between  the  fatigue 
loaded  specimen  and  the  stationary  fretting  pad  ori¬ 
ginates  from  the  push-pull  loading  and  is  defined  by 
the  equation  indicated  in  Fig. A.  The  amplitude  s  Df 
the  slip  movement  s  is  proportional  to  the  amplitude 
Ro  of  the  push-pull  loading.  The  factor  of  propor¬ 
tionality  is  determined  by  the  dimensions  of  the 
specimen  and  the  fretting  device.  R  change  of  the 
slip  amplitude  caused  by  the  fatigue  loading  is  only 
possible  by  a  variation  of  the  length  of  the  fretting 
bridge  which  can  be  done  by  means  of  distance  rings 
mounted  between  the  anchored  foot  of  the  bridge  and 
the  fixed  grip.  Using  strain  gauges  attached  to  thin- 
walled  sections  of  the  fretting  arm,  both  tangential 
force  and  linear  wear  rate  can  be  monitored  through¬ 
out  the  duration  of  an  experiment. 

The  midsection  of  the  specimen  is  supported  from 
the  backside  by  a  PTFE  block  to  prevent  bending  and 
fretting  on  the  backside  of  the  specimen. 


for  specimen  and  the  bearing  steel  Berman  Standard 
ll'.No.  1.3505  (100  Cr  6;  0151  52100)  was  selected 
as  material  for  fretting  pads.  The  specimen  and  fret¬ 
ting  pad  configurations  are  shown  in  Fig. 6.  The  fret¬ 
ting  pad  has  two  opposing  cylindrical  faces  so  that 
each  pad  can  be  utilized  twice  in  fretting  fatigue 
tests. 


Fig. 6  -  Shape  and  dimensions  of  the  fretting 

fatigue  specimen  and  the  fretting  pad  used 
for  investigation  (dimensions  in  mm). 

The  flat  specimens  and  the  cylindrical  pads 
were  machined  from  cylindrical  rods  of  different  dia¬ 
meters  in  the  range  of  20  mm  to  40  mm.  Then  the  coarse 
adjustment  of  the  surface  finish  followed.  The  smooth 
surfaces  were  made  by  grinding  whereas  the  rougher 
surfaces  were  produced  by  shaping. 

Ofter  being  machined  all  specimens  and  fretting 
pads  were  heat  treated  in  the  same  manner  as  appli- 
cated  to  the  parts  in  practice. 

During  the  experimental  run  one  of  the  two  cy¬ 
lindrical  faces  of  the  fretting  pad  is  pressed 
against  the  specimen  by  normal  force.  The  contact 
position  is  the  midsection  of  the  notch  of  the  speci¬ 
men.  Initially  the  zone  of  contact  has  the  line  shape. 


Mf ter  the  heat  treatment  the  specimens  and  pads 
were  cleaned  from  forge  and  then  polished  with  emery 
paper  to  produce  the  desired  surface  finish. 


2.4  Test  procedure 


To  test  the  influence  of  different  surface  fini¬ 
shes  of  steel  specimens  on  their  fatigue  and  fretting 
fatigue  behaviour  comparative  tests  with  specimens  of 
the  same  design  were  conducted:  uniaxial  fatigue  loa¬ 
ding  on  one  side  and  uniaxial  fatigue  loading  with 
superimposed  fretting  on  the  other  sido. 

The  fatigue  tests  were  performed  with  a  second 
se rvohyd rau l i c  testing  machine  of  tne  same  type  as 
the  one  used  to  conduct  the  fretting  fatigue 
tests . 

Both  types  of  experiments  were  carried  out  si¬ 
multaneously  in  laboratory  environment  under  similar 
atmospheric  conditions.  The  laboratory  temperature 
was  21  C  and  the  relative  humidity  was  in  the  range 
of  30. . .50  V 

R  sine  waveform  was  used  for  alternating  tension 
and  compression  loading.  Pi l  tests  were  conducted  at 
a  frequency  of  20  Hz. 

2.4.1  Fatioue  tests 


In  addition  fatigue  tests  were  required  to  esta¬ 
blish  control  cats  points  for  reference  against  later 
fretting  fatigue  results.  To  determine  the  fatigue 
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the  numDer  of  cyc.es  to  failure,  usually  plotted  on  a 
.ogaritnmic  sea. el.  Tnen  each  of  the  received  S/N 
curves  oe.ongs  to  a  batch  of  specimens  with  a  defi¬ 
nite  surf ace  finish. 


2. A. 2  Fretting  fatigue  tests 


Fretting  fatigue  tests  were  conducted  on  defi¬ 
nite  surface  finishes  of  the  shaft  steel  specimens  to 
determine  variations  in  fretting  fatigue  lives  due  to 
surface  condition  differences.  These  data  were  then 
compared  with  the  baseline  fatigue  data  for  each  type 
of  surface  finish. 

The  test  conditions  were  set  by  the  following 
experimental  parameters  at  the  beginning  of  each 
test: 


Fatigue  loading  F  :  400  -  BOO  MPa 
Normal  Load,  Fn  :  50,  100  or  200  N 
Frequency,  f  :  20  Hz 

The  measuring  parameters  of  the  running  tests  and 
their  ranges  were: 

Number  of  cycles,  N  :  1  -  10,000,000  cycles 
Friction  force,  Ft  :  0  -  200  N 
Linear  ware  rate,  Wl:  0  -  150  pm 

Electrical  resistance,  R  :  0  -  infinity  Dhm 

Temperature  of  the  specimen,  T:  20  -  50  E 
Magnetic  induction  voltage,  U  :  5  -  30  mV 

The  slip  amplitude  depends  on  the  applied  axial  loads 
For  the  geometrical  conditions  of  the  experimental 
equipment  and  the  specimen  the  amplitude  of  movement 
at  the  point  of  contact  is  determined  by  the  equation 
sl^m]  =  0.155  5  [MPa].  Thus  the  slip  movement  refer¬ 
red  to  the  applied  axial  load  was: 

51  ip  movement,  s:  0  -  120  pm 

The  magnetic  induction  voltage,  which  is  measured  by 
a  coil  wound  close  to  the  specimen,  was  utilized  as  a 
crack  growth  indicator.  For  this  purpose  each  speci¬ 
men  was  magnetized  to  saturation  in  the  sense  of 
length  before  the  beginning  of  the  test. 

During  the  test  run  the  variables  were  measured 
with  an  electronic  data  measurement  and  acquisition 
system  after  fixed  numbers  of  loading  cycles.  Soft¬ 
ware  was  developed  to  control  the  fretting  fatigue 
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experiment  according  to  parameters  specified  by  the 
operator.  The  digital  data  were  stored  on  magnetic 
tape  data  cartridges  after  preliminary  data  proces¬ 
sing.  Rt  the  end  of  each  test  the  mentioned  test 
quantities  were  plotted  as  a  ^unction  of  the  number 
of  loading  cycles. 


2.5  Measuring  technique 


2.5.1  Measurement  of  linear  wear  rate 


The  linear  wear  rate  was  determined  continuously 
through. jt  each  test  by  measuring  the  change  of  dis¬ 
tance  between  fretting  pad  and  specimen  by  strain 
gauges  mounted  on  the  fretting  arm.  This  method  of 
measurement  gives  the  summation  -for  both  pad  and 
specimen-  rf  all  material  lost  below  the  original 
datum  surface.  R  potential  error  to  which  this  method 
is  susceptible  is,  that  it  cannot  distinguish  between 
the  real  scar  debth  and  the  apparent  debth  resulting 
from  the  presence  of  trapped  fretting  debris. 

To  separate  the  amounts  of  wear  resulting  from 
the  specimen  and  the  pad  the  linear  wear  rate  of  the 
pad  was  additionally  determined  from  its  weight  loss 
and  from  the  dimensions  of  its  wear  scar.  The  calcu¬ 
lations  are  based  on  the  cylindrical  cap  approxima¬ 
tion  which  was  applied  to  the  wear  scar  geometry: 

The  fretting  pads  were  weighed  before  and  after 
each  fretting  fatigue  test  with  a  microbalance.  The 
linear  wear  rate  of  the  pad  was  then  calculated 
according  to  one  of  the  relationships  (2)  or  (3)  of 
Fig. 7.  The  more  simple  equation  (3)  is  a  good  approx¬ 
imation  with  an  accuracy  better  than  2  %.  Rs  the 
wear  volume  under  the  experimental  conditions  was 
very  small  weight  loss  measurements  involved  some 
error. 

To  deduce  more  wear  rate  data  of  the  pad  from 
the  wear  scar  dimensions  the  width  of  the  flat  wear 
scar  was  measured  in  oscillation  direction  by 
a  microscop.  The  linear  wear  rate  was  computed  with 


the  exact  formula  (ID  of  Fig. 7. 

Rddi t i ona l l y ,  information  about  the  wear  mecha¬ 
nism  can  be  obtained  from  comparison  of  the  different 


wear  rate  types  completed  by  microscopic  investi¬ 
gation  of  the  surface  properties  in  the  region  of  the 
fretting  mark. 


wear  volume  sliding  direction 


W}p  *=  r-"Vr^-a^/4  (1) 

Art.,  bg  -  rVwip  (2r+Wjp/3)  -  (r-Wjp)  VW}p  (2r-W}p)  (2) 

Wip  [/jm]  -  30 . 64  (aid  [mg] )  0 .  BB  (3) 


Fig. 7  -  Simplified  wear  scar  for  the  estimation  of 
the  linear  wear  rate  of  the  pad. 
r:  pad  radius,  a:  scar  diameter  in  the  oscil¬ 
lation  direction  and  b:  scar  diameter  perpen¬ 
dicular  to  it,  density  of  the  pad  material, 
fim:  weight  loss,  Wlp:  linear  wear  rate  of  the 
pad . 


2.5.2  Measurement  of  friction  force 


The  tangential  frictional  force  Ft  was  measured 
continuously  throughout  every  experiment  by  means  of 
four  strain  gauges  mounted  on  the  fretting  pad  sup¬ 
port.  The  output  of  the  strain  gauge  bridge  was  am¬ 
plified  and  displayed  as  a  trace  on  an  oscilloscope 
so  that  the  force-time  and  the  force-displacement 
charac te r i 5 t i cs  can  be  continuously  observed. 

The  actual  value  of  the  friction  coefficient  was 
calculated  from  the  ratio  u  =  Ft/Fn. 


2.5.3  Determination  of  slip 


The  real  interfacial  slip  movement  is  no  free 
adjustable  experimental  parameter,  it  is  dependend 
upon  the  alternating  stress  of  the  specimen  and  the 
amount  of  the  applied  normal  force.  The  slip  amplitu¬ 
de,  which  is  always  smaller  than  the  stress  induced 
movement  s  of  the  specimen  at  the  point  of  contact 
(see  2.4.2),  can  be  taken  from  the  friction  force- 
displacement  hysteresis  (see  2.5.4). 


2.5.4  Ft-s  hysteresis  loop  measurements 

0  complete  friction  force  -  displacement  hyste¬ 
resis  loop  was  determined  by  gathering  50  data  points 
during  one  loading  cycle.  To  prevent  parasitic  oscil¬ 
lations  of  the  fretting  device  due  to  stic  slip,  the 
frequency  of  the  fatigue  load  function  was  lowered 
for  one  cycle  from  20  to  1  Hz. 


o-measurlng  cycle-> 
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Schematic  representation  of  the  friction  force 
displacement  hysteresis,  s:  displacement,  Ft: 
friction  force,  s  :  slip  amplitude,  t:  time, 
v:  speed  of  movement. 


fretting  pad  moves  relatively  to  the  specimen  from 
one  end  of  the  fretting  mark  to  the  other.  The  elec¬ 
trical  contact  resistance  in  the  contact  zone  between 
the  sliding  specimen  and  the  stationary  pad  is  detec¬ 
ted  by  a  fast  measurement  of  the  voltage  drop  when 
passing  a  d.c.  current  through  the  contact.  The  resis 
lance  as  a  function  of  the  displacement  was  gathered 
by  400  measuring  points,  that  means  about  two  points 
per  micrometer.  Preliminary  tests  have  shown,  that 
400  data  points  are  sufficient  to  describe  the  fluc¬ 
tuations  of  the  resistance  which  appear  during  the 
movement  of  the  pad  across  the  wear  track.  From  these 
data,  information  of  the  wear  process  and  of  the 
action  of  wear  debris  which  appear  within  one  half 
loading  cycle  can  be  obtained  IS/. 

2.5.6  Temperature  measurement 


The  fretting  motion  is  accompanied  by  consump¬ 
tion  of  energy  and  frictional  heating.  For  the  expe¬ 
rimental  measurement  of  the  interface  temperature 
rise  during  fretting  i ron-constsntan  (type  J)  thermo¬ 
couples  were  imbedoed  into  the  fretting  pad  as  near 
as  possible  to  the  contact  surface  as  indicated  in 
rig.S  to  sense  an  average  value.  The  temperature  of 
the  reference  junction  is  computed  using  the  resis¬ 
tance  measurement  of  a  thermistor  located  with  the 
j  unct i on . 

Rs  a  reference  the  temperature  of  the  shaft  of 
the  specimen  is  determined  by  a  second  the rmocoup l e . 

2.5.7  Magnetic  induction  measurement 


The  method  of  magnetic  induction  measurement  was 
used  for  continuous  monitoring  the  status  of  damage 
of  the  specimens  running  under  conditions  where  fret¬ 
ting  fatigue  cracks  are  likely  to  occur.  The  method 
is  shown  to  be  capable  of  detecting  the  nucleation 
and  the  growth  of  the  cracks.  It  is  also  possible  to 
use  the  detected  signal  to  shut  down  the  testing  ma¬ 
chine  in  order  to  facilitate  microscope  examination 
of  the  flaws  to  be  carried  out  as  soon  as  they  are 
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2.1  Fretting  fatigue  curves 


Two  series  of  fretting  fatigue  tests  with  the 
same  material  combination  34CrNiMoB  for  the  specimen 
and  lOOIrb  for  the  pad  but  with  different  hardnesses 
were  performed:  Tne  first  consisted  of  soft  specimens 
with  a  Vickers  hardness  of  460  HV  for  the  specimen 
and  540  HV  for  the  pad.  The  second  series  of  tests 
consisted  of  a  hard  material  combination  with  640  HV 
for  the  specimen  and  640  HU  for  the  pad. 

For  the  finite-life  region  of  each  5/N  diagram 
a  curve  is  plotted  which  fits  the  average  of  the  ex¬ 
perimental  data.  The  underlaying  equation  for  the  li¬ 
near  regression  calculation  is  of  the  type  S=bNexpm, 
wnere  N  is  the  number  of  cycles,  5  is  the  alternating 
stress  and  b  and  m  are  constants  related  to  the  mate¬ 
rial  and  the  experimental  conditions.  The  assumed  5/N 
relation  can  be  estimated  by  f rac t u r e -mechani cs  con¬ 
siderations  /7,B/. 

2.1.1  Soft  specimens,  460  HV 


The  results  of  the  push-pull  fretting  fatigue 
tests  on  the  soft  specimens  are  shown  as  an  over¬ 
view  in  Fig. 9  to  Fig. 12,  together  with  a  control 
curve-  obtained  from  push-pull  tests  without  fretting 
on  specimens  with  the  same  surface  treatment.  The  re¬ 
sults  are  presented  for  different  surface  treatments 
and  normal  forces  of  50,  100  and  200  N  for  the  poli¬ 
shed  specimens  and  normal  forces  of  50  and  100  N  for 
the  shaped  specimens.  Stresses  are  based  on  the  mini¬ 
mum  cross-sectional  area  of  a  specimen. 

It  will  be  noticed  as  a  major  difference  between 
the  fretting  fatigue  behaviour  of  the  polished  speci¬ 
mens  and  that  of  the  shaped  specimens  that  the  rela¬ 
tively  high  dispersion  of  the  test  results  is  larger  a 
the  higher  surface  roughness  of  the  shaped  specimens. 
Tnus  it  is  difficult  to  detect  a  particularly  marked 
influence  of  the  two  parameters  surface  roughness  and 
normal  force  on  the  fretting  fatigue  behaviour  from 
these  overview  figures.  Therefore  the  stress  amplitude 
associated  to  a  life  time  of  lOexpB  cycles,  versus 
normal  force  curves  calculated  from  the  relations  of 
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Specimen:  34CrNlMo6.  tempered,  4B0  HV  0.4 

polished  perpendicular  to  sliding  direction 
roughness  0.32  /um  CLA 

Pad  :  lOOCrE,  tempered,  540  HV  0.4 

polished  parallel  to  sliding  direction 
roughness  0.12/jm  CLA 


Fig. 10  -  Fatigue  curve  and  fretting  fatigue  curves  at 
normal  forces  of  50,  100  and  200  N  of  perpen¬ 
dicular  polished  specimens. 
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Specimen:  34CrNiMoE,  tempered.  4B0  HV  0.4 

shaped  parallel  to  sliding  direction 
roughness  B.7  /jm  CLA 

Pad  :  iOOCrB,  tempered.  540  HV  0.4 

polished  parallel  to  sliding  direction 
:  oughness  0.12/jm  CLA 


Fatigue  curve  and  fretting  fatigue  curves  at 
normal  forces  of  50  and  100  N  of  parallel 
shaped  specimens. 
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Specimen:  34CrNlMoE,  tempered,  480  HV  0.4 

shaped  perpendicular  to  sliding  direction 
roughness  E.B  /jm  CLA 

Pad  :  lOOCrE,  tempered,  540  HV  0.4 

polished  parallel  to  sliding  direction 
roughness  0.12/um  CLA 


Fatigue  curve  and  fretting  fatigue  curves  at 
normal  forces  of  50  and  100  N  of  pe rpendi cu l a i 
shaped  specimens. 
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Specimen:  34CrNlMoB.  tempered,  B50  HV  0.4 

pollened  parallel  to  sliding  direction 
roughness  0.5 /jm  CLA 

Pad  :  lOOCrB,  tempered,  640  HV  0.4 

polished  parallel  to  sliding  direction 
roughness  0.12  /jm  CLA 


Fatigue  curve  and  fretting  fatigue  curves  at 
normal  forces  of  100,  150  and  200  N  of  paraL 
lei  polished  specimens. 
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Specimen:  34CrNiMo6,  tempered.  B40  HV  0.4 

polished  perpendicular  to  sliding  direction 
roughness  0.42^171  Ci_A 

Ped  :  lOOCrB,  tempered,  B40  HV  0.4 

polished  parallel  to  sliding  direction 
roughness  0.12  /urn  CLA 


Fatigue  curve  and  fretting  fatigue  curves  at 
normal  forces  of  TOO  and  200  N  of  perpendicu¬ 
lar  polished  specimens. 


points  were  calculated  from  the  average  curves  Irawn 
in  Fig. 14/15. 

The  life  time  belonging  to  the  stress  level  of 
500  MPa  of  the  parallel  polished  specimens  is  greater 
than  the  life  time  of  the  perpendicular  polished  spe¬ 
cimens  for  all  considered  normal  forces.  The  diffe¬ 
rences  are  11%  at  pure  fatigue,  73%  at  100  N  normal 
force  and  33%  at  200  N  normal  force  related  to  the 
perpendicular  polished  specimens. 

The  life  time  of  the  fretted  specimens  related 
to  the  life  time  of  the  normal  fatigue  specimens  is 
for  the  parallel  polished  specimens  14%  at  100  N,  10% 
at  150  N  and  3%  at  200  N  normal  force  and  for  the 
perpendicular  polished  specimens  3%  at  100  N  and  2.7% 
at  200  N  normal  force. 

It  will  be  noticed  that  the  influence  of  the  di¬ 
rection  of  polishing  seems  to  be  maximal  at  the  nor¬ 
mal  force  region  of  100  N  and  that  it  is  lower  at  200 
N  normal  force.  It  is  supposed  that  the  decrease  of 
the  surface  influence  at  normal  forces  near  200  N  and 
greater  is  due  to  the  decreasing  slip  amplitude, 
which  results  from  the  finite  rigidity  of  the  fret¬ 
ting  apparatus,  so  that  the  damaging  fretting  effect 
is  reduced  above  a  definite  normal  force  with  increa¬ 
sing  normal  force.  Dwing  to  the  loss  of  slip  amplitu¬ 
de  caused  by  the  deformable  fretting  device  the  effect 
of  fretting  may  be  maximal  at  a  definite  normal  for¬ 
ce  . 


2.2.  Light  microscopy  examinations 


cig.17  shows  the  crack  surfaces  of  three  repre¬ 
sentative  -60  HU  specimens,  which  were  polished  per¬ 
pendicular  to  the  sliding  direction,  after  fretting 
fatigue  unde1"  50,  100  and  200  N  normal  force  and  450 
MDa  fatigue  load.  Typically  for  the  fretting  fatigue 
phenomenon  is  that  all  specimens  failed  near  the  edge 
of  the  fretting  ma^-k  and  that  the  crack  originates 
at  ways  at  the  fretted  surface,  which  is  on  the  bottom 
of  each  picture.  The  contact  region  is  marked  by  a 
oan  enqe  caused  by  fretting  oebris.  The  appearance 
oc  the  crack  surfaces  is  that  of  a  typical  fatigue 
1  racture  where  two  distinct  regions  can  be  distingu- 
:shec.  The  r:rst  is  a  relative  smooth  area,  through 
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Fig. 16  -  Relation  between  live  time  Nb ,  associated  to 
a  stress  amplitude  of  5=  600  MPa,  and  normal 
force  Fn  for  two  directions  of  polishing. 

The  table  below  contains  the  data  calculated 
by  the  method  of  linear  regression. 


which  the  fatigue  crack  has  spread  slowly,  starting 
from  the  fretting  mark  on  the  bottom.  The  remainder 
of  the  fracture  surface  shows  a  typical  rough  frac¬ 
ture  where  the  failure  has  been  catastrophic. 


S=  450  MPa  Fn,  N 


Fig. 17  -  5eries  of  photographs  of  the  crack  surfaces 
of  perpendicular  polished  460  HU  specimens 
fretted  under  different  normal  forces  at  a 
fatigue  load  of  450  MPa. 

Fig. 16  shows  an  overview  of  the  locations  of 
breaks  of  polished  and  shaped  460  HU  specimens,  com¬ 
posed  of  four  pieces.  Three  specimens  of  each  piece 
from  left  were  unfretted  specimens  without  fretting 
scars.  It  is  remakable  that  the  crack  of  the  perpen¬ 
dicular  polished  and  shaped  specimens  more  often  ends 
outside  of  the  fretting  mark.  It  can  be  deduced  from 
the  analysis  of  the  crack  surface  that  in  these  cases 
the  crack  starts  beneath  the  surface  under  the  fret¬ 
ting  mark  and  progresses  angular  to  the  surface  which 
is  cut  outside  the  fretting  mark. 

Fig. 19  shows  in  the  left  picture  a  growing  fret¬ 
ting  fatigue  initiated  crack  within  the  fretting  mark 


and  in  the  right  picture  the  final  crack  10000  load¬ 
ing  cycles  later.  For  the  left  snapshot  the  fret¬ 
ting  fatigue  loading  was  stopped  after  the  detection 
of  the  crack  by  the  magnetic  induction  method  and  the 
specimen  was  removed  from  the  Loading  apparatus.  Af¬ 
ter  the  photography  has  been  made,  the  specimen  was 
inserted  to  the  loading  device  again  and  further  loa¬ 
ded  as  long  as  the  crack  needed  to  progress  through 
the  whole  cross  section.  As  the  maximum  frictional 
stresses  on  the  fretting  surface  are  repeated 
at  the  edges  of  the  contact  region  the  crack  is  gene¬ 
rated  near  this  area:  near  the  upper  left  corner  of 
the  fretting  mark. 
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S-  450  MPa.  Fn-  100  N 


Fig. 19  -  Development  of  a  fretting  fatigue  crack  with 
in  the  fretting  scar  of  a  parallel  to  the 
sliding  direction  polished  4B0  HU  specimen. 
Roughness  0.42  ^jm  CLA,  specimen  number  415. 

Fig. 20  shows  a  fretting  fatigue  initiated  crack 
within  the  fretting  mark  of  a  perpendicular  polished 
specimen  Cupper  picture).  The  lower  picture  shows  the 
backside  of  the  specimen.  The  crack,  which  has  start¬ 
ed  within  the  fretting  mark,  similar  to  the  behaviour 
of  the  parallel  polished  specimens,  has  not  approach¬ 
ed  the  region  near  the  backside's  surface,  so  that 
the  backside  shows  not  yet  marks  of  deformation.  The 
crack  was  detected  by  the  magnetic  induction  method. 
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the  direction  of  the  alternating  stress.  The  crack  is 
located  a  short  distance  of  0.2  mm  inside  the  edge  of 
the  contact  region.  The  whole  length  of  the  contact 
region  parallel  to  the  sliding  direction  is  1.2  mm. 

Pt  the  crack  edges  near  the  tip  of  the  crack,  clear 
marks  of  adhesive  wear  are  visible. 
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Fig. 22  -  Section  of  the  fretting  scar  showing  the  de¬ 
velopment  of  a  fretting  fatigue  crack.  Per¬ 
pendicular  polished  840  HO  specimen  No.  461, 
Roughness  0.42  CLR. 


vv 


3.3  Friction  and  wear 

Friction  and  wear  are  manifestations  of  the  same 
tribological  event,  i.e.  formation  of  microcontacts 
or  real  area  of  contact.  The  friction  force  is  a  ma¬ 
croscopic  measurement  of  the  summation  of  the  local 
resistances  to  motion  at  individual  contacts.  5imi- 


Ft.  N 


-  •"wyvVji 

■ 

\  \  *  v*  • 

-A-.' 


10000 


S-  450  MPa.  Fn-  100  N.  Nj,-  120000  cycles 


-  Series  of  friction  f o rce-di sp l acement 
hysteresis  loops  gathered  during  the 
life  time  of  a  parallel  polished  480  HV 
specimen.  Specimen  number  415. 
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,  wear  is  a  macroscopic  measurement  of  micros- 
events . 


3.3.1  Friction  force  -  displacement  hysteresis 


R  series  of  complete  friction  force-displacement 
hysteresis  loops,  gathered  during  the  life  time  of  a 
parallel  polished  4BC  HU  specimen  is  presented  in 
Fig. 23.  The  behaviour  is  characterized  by  two  regi¬ 
mes.  Rt  low  cycles  the  friction  force  increases  ini¬ 
tially  and  then  reaches  an  approximate  constant  value 
at  higher  cycles.  Tne  slip  amplitude  decreases  from 
s=  65  pm  at  the  beginning  of  the  test  to  s=  52  pm 
at  the  end  with  increasing  friction  force  caused  by 
the  elastic  deformation  of  the  fretting  device. 

Fig. 24  shows  the  hysteresis  loops  of  a  perpendi¬ 
cular  polished  480  HU  specimen  under  the  same  loading 
conditions.  The  behaviour  is  again  characterized  by 
two  regimes,  but  these  are  different  from  those  shown 
in  Fig. 23.  The  initial  behaviour  during  the  first  ten 
cycles  is  nearly  the  same,  but  then  the  tangentiaL 
force  raises  more  rapidly  so  that  the  steady-state 
behaviour  is  reached  at  a  lower  number  of  Loading  cy¬ 
cles.  The  steady-state  friction  force  of  the  perpen¬ 
dicular  polished  specimen  is  lower  than  that  in  the 
case  o^  the  parallel  polished  specimen.  The  last  loop 
wnich  is  gathered  a  few  cycles  before  cracking,  shows 
a  distinct  asymmetry  caused  by  an  existing  crack. 

Similar  to  tne  magnetic  method,  this  asymmetry, 
which  always  appears  when  a  crack  changes  the  deforma 
tion  behaviour  of  the  specimen  as  well  as  the  fric¬ 
tion  force  when  the  fretting  pad  passes  the  surface 
crack,  can  also  be  used  as  a  sensitive  indicator  for 
cracxs . 

Figures  25-25  show  the  friction  hysteresis  loops 
for  shaped  ABC  HU  specimens.  In  contrast  to  the  poli- 
sned  specimens  a  rapid  increase  of  the  friction  force 
during  the  ^irst  10  cycles  is  observed.  Even  a  dis¬ 
tinct  increase  during  the  first  half  loading  cycle  is 
visible,  which  leads  to  an  asymmetric  first  loop. 

The  starting  point  of  the  data  aquisition  lies 
on  the  negative  friction  force  axis  and  the  hystere¬ 
sis  loop  is  passed  clockwise. 

The  qualitative  behaviour  of  the  parallel  and 
pe r pend i cu l a r  shaped  specimens  is  nearly  the  same. 


S-  420  ***.  Fn-  100  N.  Njj-  B5174  cycles 


Fig. 25  -  Series  of  friction  force-displacement 
Hysteresis  Loops  gathered  during  the 
Life  time  of  a  parallel  shaped  4B0  HV 
specimen.  Specimen  number  512. 

Compared  witr  the  polished  specimens,  the  initial 
friction  force  of  the  shaped  specimens  during  the 
first  oyCLe  is  essentially  greater  but  there  is  only 
a  slignt  (Difference  during  the  first  quarter  cycle. 
St  steady  state  the  friction  force  is  nearly  the 
same  fo-  poiishec  and  shaped  specimens. 
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Series  of  friction  f o rce-di sp l acement 
hysteresis  Loops  gathered  during  the 
Life  time  of  a  pe rpendi cu L a r  shaped 
480  Hv  specimen.  Specimen  number  521. 


3.3.2  Friction  coefficient 


Intermittently  throughout  an  experiment  the 
friction  f o r ce - d i sp l acemen t  hysteresis  loop  was  re¬ 
recorded.  The  coefficient  of  friction  was  then  calcu¬ 
lated  from  the  ratio  of  the  maximum  rate  of  friction 
force  and  the  constant  normal  force  during  one  load 
cycle. 

For  increased  clarity,  friction  measurements  are 
plotted  versus  loginumber  of  cycles)  rather  than  ver¬ 
sus  a  linear  time  scale. 

Fig. 27  shows  tne  relationship  of  polished  and 
shaped  specimens  corresponding  to  the  behaviour  of 
the  friction  f o r re - d i sp l acemen t  hysteresis  loops 
which  are  represented  in  Fig. 23-26.  The  alternating 
fatigue  load  and  therefore  the  slip  amplitude  is 
different  for  the  two  types  of  surface  treatment. 

Os  already  indicated  in  Fig. 23/24,  the  friction 
behaviour  of  the  two  types  of  polished  specimens  is 


Fig. 27  -  Coefficient  of  friction  vs.  number  of 
cycles  of  parallel  and  perpendicular 
polished  and  shaped  specimens.  The 
relations  correspond  to  those  of  the 
figures  23  to  26. 
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Quite  different.  For  tower  numbers  of  cycles  the 
friction  coefficient  of  the  paralleL  polished  speci¬ 
men  is  lower  than  that  of  the  perpendicular  polished 
specimens.  Qfter  the  crossover  at  2000  cycles  the 
situation  is  reversed.  The  higher  friction  force, 
which  is  active  during  the  main  part  of  the  life 
time,  induces  a  higher  alternating  shear  stress  in 
the  surface  region  which  facilitates  crack  initiation 
The  result  is:  the  life  time  of  the  parallel  polished 
specimen  is  shorter  compared  to  that  of  the  perpendi¬ 
cular  polished  specimen. 

The  shaped  specimens  show  no  significant  diffe¬ 
rence  in  their  friction  behaviour  in  relation  to  the 
direction  of  shaping.  The  result  is:  both  shaped 
specimens  have  nearly  the  same  life  time. 

Comparing  the  curve  of  the  parallel  polished 
specimen  with  those  of  the  shaped  specimens,  it  is 
noticed,  that  the  friction  coefficient  in  the  steady 
state  region  is  nearly  equal.  The  live  time  of  the 
polished  specimen  ends  in  the  small  intervall  of 
cycles  which  is  built  by  the  ends  of  live  time  of 
shaped  specimens.  It  is  supposed,  that  this  short 
life  time  of  the  specimen  with  the  better  surface  is 
caused  by  the  higher  friction  force  in  addition  to 
the  higher  fatigue  load. 

Figures  26  -  29  show  the  relationship  between 
the  coefficient  of  friction  and  the  number  of  cycles 
for  polished  and  shaped  480  HU  specimens  at  different 
surface  and  fatigue  loading  conditions  at  an  equal 
normal  force  of  100  N.  Each  surface  and  loading  para¬ 
meter  set  is  represented  by  three  representative  cur¬ 
ves.  The  behaviour  of  the  polished  specimens  is 
characterized  by  the  three  regimes  which  was  already 
oeduced  from  the  friction  fo rce- di sp l acement  hystere¬ 
sis  of  the  figures  23  -  24.  Rt  the  first  200  cycles 
the  coefficient  of  friction  rises  slowly  followed  by 
a  rapid  increase  to  the  friction  coefficient  at 
steaoy  state  which  is  taken  to  be  the  value  after 
10000  cycles.  The  essential  difference  of  the  fric¬ 
tion  behaviour  of  the  shaped  specimens  is  the  imme¬ 
diate  increase  of  the  coefficient  of  friction  from 
the  beginning  of  the  first  cycle  over  the  whole  fret¬ 
ting  duration.  The  initial  friction  coefficient  of 
the  polished  specimens  is  about  0.1  whereas  in  the 
case  of  tne  shaped  specimens  it  is  about  0.3.  The 
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The  graph  of  the  dissipation  energy  is  similar 
to  that  of  the  friction  coefficient  (Fig. 27). 

The  curves  reflect  the  same  friction  behaviour  be¬ 
cause  the  shape  of  the  friction  f o r ce-di sp l acemen t 
hysteresis  loops  is  nearly  trapezoidal  and  the  de¬ 
pendence  of  slip  amplitude  from  friction  force  is 
relatively  weak . 

3.3.4  Linear  wear  rate 


The  figures  34-38  show  the  resuLts  for  linear 
wear  versus  number  of  cycLes  of  480  HU  specimens  of 
different  surface  treatments  under  various  loading 
conditions.  The  plotted  linear  wear  is  the  summation, 
for  both  specimen  and  pad,  of  the  change  in  dimen¬ 
sions  perpendicular  to  the  original  datum  surface  in¬ 
cluding  the  possibly  amount  of  trapped  fretting  de¬ 
bris. 

The  wear  characteri sties  of  8  specimens  at  a 
cyclic  stress  of  420  MPa  and  a  normal  force  of  100  N, 
always  two  with  the  same  surface  treatment,  are  shown 


Fig. 34  -  Total  linear  wear  vs.  number  of  cycles 
of  parallel  and  perpendicular  polished 
and  shaped  480  HU  specimens. 


in  Fig. 34.  The  stress  Level  is  near  the  endurance 
Limit  of  unfretted  specimens.  The  shape  of  all  curves 
is  nearly  the  same.  The  difference  in  the  amount  of 
linear  wear  is  caused  mainly  by  the  different  wear 
behaviour  during  the  first  10  to  100  cycles.  This  is 
most  probably  caused  by  the  mismatch  of  the  traces  on 
wear  scars  of  pad  and  specimen  which  also  leads  to  a 
large  variation  of  the  wear  results. 

Fig. 35  shows  the  comparison  of  parallel  and  per¬ 
pendicular  polished  specimens  at  a  fatigue  load  of 
420  MPa  and  normal  forces  of  50,  100  and  200  N.  It  is 
noticed  that  the  wear  rate  is  relatively  low  at  200  N 
normal  force.  This  is  caused  by  the  dependence  of  the 
slip  amplitude  from  normal  force.  The  wear  rate  falls 
to  zero  at  both  smalt  and  large  normal  forces.  Rt 
small  normal  forces  there  is  extensive  slip  but  the 
clamping  pressure  and  hence  the  frictional  shear 
stresses  are  small.  Ot  large  values  of  the  normal 
force,  the  large  clamping  pressure  reduces  the  size 
of  the  slip  region  and  the  amplitude  of  slip  and 
hence  the  wear  rate  to  negligible  proportions. 

The  wear  behaviour  of  a  parallel  and  a  perpendi¬ 
cular  shaped  specimen  at  a  normal  force  of  100  N  and 
of  a  parallel  shaped  specimen  at  50  N  normal  force, 
which  has  no  pendant  at  the  same  fatigue  toad,  is 
shown  in  Fig. 36.  Comparing  the  results  with  those  of 
Fig. 35  it  can  be  noticed,  that  the  initial  increase 
of  linear  wear  during  the  first  hundred  cycles  of  the 
shaped  rough  specimens  is  steeper  than  in  the  case 
of  the  smooth  polished  specimens. 

The  wear  behaviour  of  polished  and  shaped  4B0  HO 
specimens  at  large  slip  amplitudes,  due  tD  a  fatigue 
load  of  500  MPa  at  100  N  normal  force,  is  presented 
in  Fig. 57.  The  polished  specimens  show  nearly  the 
same  behaviour  with  a  low  wear  rate  compared  with 
that  of  the  shaped  specimens,  which  show  a  different 
behaviour  related  to  the  shaping  direction.  The  per¬ 
pendicular  shaped  specimen  has  the  higher  wear  rate 
whereas  the  parallel  shaped  has  the  lower. 

Rt  the  end  of  each  fretting  fatigue  test  the 
final  linear  wear  of  the  pad  alone  was  estimated  from 
measurement  of  the  wear  scar  diameter  and  from  the 
determination  of  weight  loss  of  the  pad.  The  final 
linear  wear  of  the  specimen  is  then  nearly  equal  to 
the  difference  between  the  total  wear  and  the  wear 
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of  the  pad. 

The  ratios  of  the  final  linear  wear  of  the  pad 
to  the  final  total  linear  wear,  calculated  from  wear 
scar  diameter,  weight  loss  of  the  pad  and  total  wear 
are  shown  in  Table  3.1  for  polished  and  shaped  4B0HV 
specimens.  The  calculated  values  are  the  average 
from  several  tests.  It  can  be  noticed,  that  the  in¬ 
fluence  of  the  normal  force  is  low  for  polished  spe¬ 
cimens  and  that  a  distinct  effect  is  present  for  the 
shaped  specimens. 

Table  3.1 

Ratio  of  the  pad  wear  to  the  total  wear 
calculated  from  wear  scar  diameter,  welpht 
loaa  and  total  wear . 
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52 

46 

65 

55 

63 

52 

tncal  contact  resistance 


3.4.1  Overage  resistance 


The  average  contact  resistance  was  used  to  moni¬ 
tor  the  development  of  fretting  damage  in  the  contact 
zones.  The  wear  debris  and  oxides  that  accumulate  in 
the  contact  zone  in  the  form  of  a  highly  localized, 
thick  and  insulating  layer  can  lead  to  a  rapid  in¬ 
crease  in  contact  resistance  and  consequently,  to  a 
virtually  open  circuit. 

Fig. 36  illustrates  typical  contact  resistance 
behaviour  of  parallel  and  pe rpendi cu l a r  polished 
480  HV  specimens  at  420  MPa  fatigue  load  and  100  N 
normal  force.  To  correlate  the  electrical  contact  be¬ 
haviour  to  the  fretting  process,  the  simultaneously 
measured  linear  wear  and  friction  force  is  also  plot¬ 
ted.  For  both  directions  of  surface  polishing  the 
resistance  is  lower  than  10  ohms  during  the  first 


10exp4  to  10exp5  cycles.  Rfter  this  nearly  metallic 
contact  behaviour  the  resistance  rises  rapidly  to 
high  values  and  fluctuates  considerably.  Concomitant 
to  the  fluctuations  of  the  resistance,  variations 
of  the  tribological  parameters,  linear  wear  and  fric¬ 
tion  force,  appear.  The  region  of  loading  cycles, 
where  the  fluctuations  appear,  is  the  region  of  Life 
time,  where  the  oxide  produced  during  fretting  be¬ 
gins  to  perform  an  important  action:  Rt  this  point  of 
life  time  the  wear  mechanism  changes  from  two-body 
abrasion  to  three-body  abrasion  because  of  the  pre¬ 
sence  of  oxide  debrie,  or  adhesion  is  limited  by  the 
oxid  layer  at  an  interface.  The  action  of  the  fret¬ 
ting  debris  begins  one  decade  earlier  in  the  case  of 
the  parallel  polished  specimens  than  in  the  case  of 
the  perpendicular  polished  specimens. 


Fig. 38  -  Contact  resistance,  linear  wear  and  fric¬ 
tion  force  vs.  number  of  cycles  of  paral¬ 
lel  and  perpendicular  polished  480  HU  spe¬ 
cimens  at  420  Mca  fatigue  load  and  100  N 
norma l  force. 


The  shaped  specimens  show  a  similar  behaviour 
of  the  contact  resistance  which  is  presented  in 
Fig. 39.  During  the  first  three  oecades  of  the  number 
of  cycles  the  resistance  remains  low  and  the  contact 
is  metallic,  but  when  oxide  debris  is  formed  and  acts 
in  the  interface  tne  resistance  rises.  The  resistance 


fluctuates  abound  high  values  caused  by  local  break¬ 
down  in  the  oxide  layers.  Sometimes  the  oxide  debris 
can  act  as  a  lubricant  so  that  the  friction  force  is 
lowered  /9 /.  fis  a  result  of  this  lubricant  effect  the 
friction  force  rises  from  the  initial  value,  passes 
through  a  maximum,  and  then  falls  slowly  at  high  life 
times. 


nuat»r  of  oyclu.  N  nuabar  of  oycloo.  N 


Fig. 39  -  Contact  resistance,  linear  wear  and  fric¬ 
tion  force  vs.  number  of  cycles  of  paral¬ 
lel  and  perpendicular  shaped  480  HU  spe¬ 
cimens  at  420  MPa  fatigue  load  and  100  N 
norma l  force. 

3.4.2  Instantaneous  resistance 


The  instantaneous  value  of  the  contact  resist¬ 
ance  as  a  function  of  pad  location  traced  during  one 
half  loading  cycle  wnile  the  pad  moves  from  one  re¬ 
versal  position  to  the  other  is  shown  in  Fig. 40-42. 
The  value  -1  on  the  X-axis  represents  the  lowest  pad 
position  when  the  specimen  is  in  the  maximum  compres¬ 
sion  state  and  the  value  +1  represents  the  highest 
pad  oosition  when  the  specimen  is  in  the  maximum 
tension  state.  0  is  the  position  of  the  pad  while 
tne  stress  of  the  specimen  changes  sign,  that  is  the 
center  of  the  notch. 

Fig. 40  shows  the  profiles  of  contact  resistance 
o*  a  para.Le.  poi.isheb  480  HU  specimen.  The  value  of 


R,  oh*9 


R.  ohu 


N-  1 

V 

• 

N-  2x10 

R,  onus 

.  T  R.  OrtBS 

N-  1x10  J 

N-  4x10 

R,  Ohms 

N-  lx  10  D 


N-  BxlO  ° 


Fig. 40  -  Instantaneous  contact  resistance  vs.  pad 
position  of  a  parallel  polished  460  HU 
specimen  at  400  MPa  fatigue  Load  and  100  N 
normal  force.  Specimen  No.  3SS ,  roughness 
0.45  yum  CLP,  slip  amplitude  35  yjm. 

the  resistance  throughout  tu.u  first  1/5  of  the  life 
time  is  relatively  low,  indicating  that  there  is  al¬ 
ways  substantial  me t a l - to-meta l  contact.  For  the  re¬ 
mainder  of  the  life  time  there  is  a  rise  to  high 
values  due  to  fretting  debris.  Preferential  near  to 
the  reversal  positions  of  the  pad  metallic  contacts 
appear  . 

The  contact  resistance  of  hard  640  HU  specimens, 
polished  parallel  and  perpendicular  to  the  sliding 
direction,  is  shown  in  Figures  41-42.  The  transition 
from  the  low  metallic  contact  at  the  beginning  of  the 
test  to  the  high  resistance  contact  appears  earlier 
for  the  parallel  polished  specimen  than  for  the  per¬ 
pendicular  polished  one.  The  perpendicular  polished 
specimen  which  has  lower  values  of  resistance  shows 
numerous  events  of  metallic  contact  during  the  whole 
life  time.  For  both  specimens  the  contact  resistance 
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Instantaneous  contact  resistance  vs.  pad 
position  of  a  parallel  polished  640  HO 
specimen  at  600  MPa  fatigue  load  and  100  N 
normal  force.  Specimen  No.  332,  roughness 
0.41  yjm  CLR,  slip  amplitude  75  yum. 


may  differ  by  orders  of  magnitude  between  the  ends 
and  the  center  of  a  fretted  track  where  insulating 
debris  tends  to  accumulate. 
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Fig- 42  - 


Instantaneous  contact  resistance  vs.  pad 
position  of  a  perpendicular  polished  840 
HO  specimen  at  BOO  MPa  fatigue  load  and 
iOO  N  normal  force.  Specimen  No.  344, 
roughness  0.58  yum  CLR,  slip  amplitude 
75  yum. 


3.5  Magnetic  induction  voltage 


The  simplest  way  for  crack  detection  by  the  mag¬ 
netic  method  is  to  measure  the  r.m.s.  voltage  which 
is  induced  in  the  pick-up  coil  during  the  experimen¬ 
tal  run.  R  typical  rurve  of  the  inductive  r.m.s.  vol¬ 
tage  as  e  function  of  the  number  of  loading  cycles  is 
shown  in  Fig. 43.  The  left  diagram  shows  a  monotonic 
decrease  of  the  induction  voltage  during  the  whole 
test  duration  due  to  the  demagnetization  of  the  spe¬ 
cimen  caused  by  the  cyclic  stressing.  Rt  the  end  of 
the  curve  a  rapid  voltage  drop  appears  due  to  crack 
growth.  This  voltage  drop  is  presented  in  the  right 
diagram  on  a  large  scale.  The  plotted  measuring 
points  are  only  those  values  which  were  stored  on 
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Fig. 43  -  Induction  voltage  for  crack  growth  de¬ 
tection  vs.  number  of  loading  cycles  of 
a  parallel  polished  460  HU  specimen  at 
450  MPa  fatigue  load  and  50  N  normal 
force.  Specimen  No.  415. 

tape  for  later  plotting.  To  detect  the  crack  nuclea- 
tion  during  the  test  run  the  inductive  voltage  was 
continuously  measured. 

Another  more  sensitive  method  for  crack  growth 
detection  which  needs  however  a  high  capacity  for 
measuring  and  processing  the  aquired  data  is  the  mea¬ 
surement  of  the  instantaneous  induced  voltage  as  a 
function  of  time  during  a  load  cycle.  Changes  of  the 
shape  of  the  curves,  gathered  at  different  life  times 
are  detectable  by  the  method  of  single  frequency  dis¬ 
crete  Fourier  analysis.  The  curves  of  induction  volt¬ 
age  and  the  resulting  spectra  of  amplitude  belonging 
to  different  numbers  of  loading  cycles  are  shown  in 
Fig. 44.  The  starting  point  of  the  voltage  curves  is 
the  crossover  point  of  the  loading  function. 

Rs  long  as  no  crack  is  present  the  amplitude  of 
the  curves  decreases  due  to  demagnetization  but  the 
profiles  remain  similar.  Within  the  interval  of  load 
cycles  in  which  the  nucleation  and  growth  of  a  crack 
takes  place,  the  shape  of  the  induction  voltage  curve 
is  changed  which  is  clearly  reflected  by  the  spectra 
of  amplitudes.  Each  spectrum  contains  the  values  of 


the  amplitudes  of  the  first  10  harmonics. 

The  amplitude  values  of  the  first  five  harmonics 
of  the  inauction  voltage  as  a  function  of  loading 
cycles  are  plotted  in  Fig. 45.  Rll  curves  show  a  rapid 
change  -increase  or  decrease-  at  their  ends  which  in¬ 
dicates  the  crack  development. 
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Fig. 45  -  Amplitude  values  of  the  first  5  harmonics 
of  the  Fourier  spectrum  of  the  induction 
voltage  vs.  number  of  loading  cycles  of  a 
430  HO  specimen  at  450  MPa  fatigue  load 
and  50  N  normal  force.  Specimen  No.  405. 

5.6  Contact  temperature 


The  used  method  of  temperature  measurement  was 
not  satisfactory  because  the  specimens  were  heated  by 
the  h /d r au l i ca l l y  actuated  grips  of  the  servo  hydrau¬ 
lic  testing  machine  so  that  only  sometimes  at  high 
normal  forces  a  small  fretting  initiated  heating 
effect  was  detectaole. 

Fig. 45  shows  as  a  typical  example  the  tempera¬ 
ture  of  the  pad  and  tha:  of  the  shaft  of  the  specimen 
during  the  test  run.  Both  curves  show  the  same  ten¬ 
dency,  a  monotonic  increase  with  increasing  number  of 
Loading  cycles,  hs  the  temperature  of  the  shaft 


is  clearly  higher  than  that  of  the  notch  the  heatflow 
is  directed  from  the  shaft  to  the  fretted  notch  of 
the  specimen  so  that  the  pad  temperature  is  mainly 
determined  by  this  flow  of  heat. 
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Fig. 46  -  Temperature  of  the  pad  and  the  shaft  of 

the  specimen  vs.  number  of  loading  cycles 
of  a  perpendicular  shaped  specimen  at 
420  MPa  fatigue  load  and  100  N  normal  force. 
Specimen  No.  516. 


3.7  Stress  conditions  under  fretting  fatigue 


Fatigue  cracks  can  be  initiated  under  relatively 
low  stresses  at  surface  imperfections.  Imperf actions 
from  machining  marks  and  surface  damage  are  the  most 
serios  types.  In  normal  service,  the  stress  concen¬ 
trations  at  surface  imperfections  are  initially  not 
severe  enough  to  produce  catastrophic  failure.  But 
under  the  influence  of  a  sliding  fretting  contact 
stresses  of  sufficient  intensity  may  be  induced  to 
cause  plastic  deformation.  Because  of  this  irrever¬ 
sible  deformation,  even  those  surfaces  which  are  ini¬ 
tially  mirror  smooth  may  develop  surface  irregulari¬ 
ties  that  can  initiate  cracks  after  a  sufficient  num¬ 
ber  of  stress  cycles.  Usually  in  a  ductile  material 
the  crack  tips  are  not  sharp  enough  to  produce  cata¬ 
strophic  failure,  however,  they  are  sufficient  to 
cause  slow  propagation  of  a  crack  into  the  material. 
Eventually  the  crack  may  become  sufficiently  deep  so 


that  the  stress  concentrations  exceed  the  fracture 
strength  and  catastrophic  failure  occurs.  The  two 
steps  of  crack  growth  and  final  fracture  may  be  iden¬ 
tified  on  the  fracture  surface  (Fig. 17). 

The  feature  of  the  fretting  fatigue  phenomenon 
is  tr.at  the  contact  region  of  the  specimen  is  subjec¬ 
ted  to  more  general  loading  than  the  uniaxial  cyclic 
loading  and  that  the  nominal  stress  of  the  fatigue 
loading  may  not  be  the  significant  stress  for  the 
occurrence  of  mechanical  failure  by  fracture.  The 
specimen  is  subjected  to  a  system  of  triaxial  stres¬ 
ses  arising  from  the  friction-  and  normal  force  of 
the  contacting  pad  and  the  cyclic  axial  loading.  The 
maonituoe  of  the  shear  stress,  which  arises  as  a  re¬ 
sult  of  relative  motion  of  the  fretting  pad  with  re¬ 
spect  to  the  specimen,  will  depend  on  the  degree  of 
adhesion  or  the  coefficient  of  friction  between  the 
surfaces  / 1 0 , 1 1 / . 

For  the  dimensioning  of  parts  or  specimens 
which  will  be  cyclically  stressed  under  fretting  fa¬ 
tigue  conditions  it  will  be  useful  to  have  a  correla¬ 
tion  between  fretting  fatigue  under  combined  stresses 
and  tnat  in  uniaxial  fatigue  loading.  To  achieve  such 
a  correlation  criterion  it  is  usually  assumed  that 
tne  material  is  mechanically  isotropic  and  deforms 
plastically  at  constant  volume.  In  assuming  plastic 
isotropy,  macroscopic  shear  is  allowed  to  take  place 
along  lines  of  maximum  shear  stress,  and  crystallo- 
grapnic  slip  is  ignored. 

Rs  the  presence  of  a  shear  stress  is  essential 
for  the  occurrence  of  plastic  deformation,  the  slip 
plane  in  a  small  element  within  the  surface  of  the 
specimen,  which  is  inclined  at  45  degree  to  the  axis 
of  the  specimen,  is  considered.  The  resolved  shear 
stress  has  a  maximum  value  in  this  slip  plane. 

Recording  to  the  principle  of  superposition, 
the  stress  at  any  point  of  the  specimen  can  be  found 
as  a  sum  of  components  coming  from  the  axial  stress, 
the  tangential  stress  and  the  stress  due  to  the  nor¬ 
mal  force.  Cracking  and  failure  is  assumed  to  occur 
when  the  sum  of  the  alternating  shear  stress  amplitu¬ 
de  acting  in  the  considered  slip  plane  exceeds  the 
fatigue  strength.  The  fatigue  strength  in  shear  is 
assumed  to  De  half  the  value  of  the  fatigue  limit. 


The  stress  which  must  be  calculated  is  the  maximum 
shear  stress  occurring  in  the  vicinity  of  the  contact 
region.  This  stress  is  not  computed  simply  on  the 
basis  of  the  normal  load  but  also  include  the  effect 
of  the  friction  force.  Two  types  of  contact  appear 
During  a  fretting  fatigue  test:  during  the  initial 
phase  the  contact  is  Hertzian  case  cylinder  on  a  flat 
and  after  some  thousends  of  loading  cycles  the  con¬ 
tact  is  a  conforming  one  which  can  be  considered  to 
be  a  flat  on  a  flat. 

The  relations  for  the  estimation  of  the  maximum 
shear  stress  caused  by  the  action  of  the  fretting  pad 
is  given  by  the  relations  (3.1)  to  (3.7)  for  the  test 
geometry  cylinder  on  a  flat  and  the  sliding  perpendi¬ 
cular  to  the  axis  of  the  cylinder  /12/.  The  case  of  a 
cylinder  on  a  flat  is  a  limiting  case  of  parallel  cy¬ 
linders,  with  one  of  the  cylinders  having  an  infinite 
radius.  The  value  of  K  assumed  should  be  appropriate 
for  sharp  edges  and  corners.  5ince  the  edges  associ¬ 
ated  with  the  paos  are  not  sharp,  K  is  taken  to  be 
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p-  coefficient  of  friction 
■o-  Poisson's  ratio 
E-  Young's  modulus 
K-  stress  concentration  factor 


xmax“  maximum  shear  stress 
q0-  maximum  contact  pressure 
P-  normal  load 

R-  radius  of  cylindrical  pad 
L-  length  of  cylinder 
b-  width  of  contact  area 


from  the  order  of  1.  The  values  of  the  friction  coef 
ficient  will  be  calculated  using  the  experimental 
values  of  friction  force  and  normal  force.  The  equa¬ 
tions  3.4  and  3.7  follow  from  the  equations  3.1  and 
3.5  with  the  material  constants  of  steel  and  the 
dimensions  of  the  specimen-pad  system. 

The  effective  shear  stress  in  the  considered  45 
degree  slip  plane  of  the  slipped  surface  region  of 
the  specimen  is  given  by  the  sum  of  the  shear  stress 
resulting  from  the  applied  alternating  stress  and 
the  additional  stress  in  the  surface  due  to  the  fret¬ 
ting  contact  which  is  greater  the  higher  the  coeffi¬ 
cient  of  friction  and  the  pressure  are. 

During  the  initial  phase  of  a  fretting  fatigue 


shear  stress  in  the  slip  plane  may  be  advantageous 
for  the  nucleation  of  cracks. 

Ot  higher  numbers  of  cycles  the  Hertzian  case 
becomes  insignificant  and  the  additional  maximum 
shear  stress  is  given  by  equation  3.7  of  the  confor¬ 
ming  contact  geometry.  Qs  the  coefficient  of  friction 
is  then  relatively  high,  the  condition  for  the  nucle¬ 
ation  and  growth  of  cracks  may  also  be  advantageous 
during  the  main  part  of  the  live  time. 

To  show  the  utility  of  these  considerations  two 
examples  of  fretting  fatigue  tests  are  represented. 
The  Figures  47-48  show  the  shear  stress  as  a  function 
of  the  number  of  loading  cycles  of  a  parallel  and  a 
pe rpendi cu l a r  to  the  sliding  direction  polished  480 
HO  specimen.  Each  Figure  contains  two  diagrams:  the 
left  diagram  shows  the  alternating  shear  stress 
acting  in  the  45  degree  slip  plane  without  considera¬ 
tion  of  the  fretting  influence  versus  the  number  of 
cycles.  The  right  diagram  shows  the  effective  shear 
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Fig. 48  -  Effective  sheer  stress  versus  number 
of  cycles  to  failure  of  perpendicular 
to  the  sliding  direction  polished  480  HO 
specimens  at  a  normal  force  of  100  N. 


stress  with  consideration  of  the  shear  stress  arising 
from  the  friction  force  derived  from  equation  3.7. 

Os  a  reference  the  fatigue  curve  in  the  absence  of 
fretting  is  plotted  in  both  diagrams.  The  left  dia¬ 
grams  of  Figures  47-48  are  equivalent  to  the  Figures 
3-10.  For  the  calculation  of  the  shear  stress  from 
equation  3.7  the  maximum  value  of  u,  taken  from  expe¬ 
riment,  is  used.  For  the  width  b  of  the  contact  area 
half  of  the  experimental  value,  which  was  determined 
at  the  end  of  each  experiment,  is  used.  The  stress 
concentration  factor  is  set  to  2  for  the  parallel  po¬ 
lished  specimens  and  it  is  set  to  1  for  the  perpendi¬ 
cular  polished  specimens. 

The  consideration  of  the  friction  force  for  the 
calculation  of  the  effective  shear  stress  moves  the 
fretting  fatigue  curves  so  to  higher  stress  values, 
that  they  are  in  reasonable  good  agreement  with 
reference  to  the  fatigue  curve  without  fretting 
Cright  diagrams).  That  means  that  the  fretting  fati¬ 
gue  limit  or  strength  can  be  estimated  from  the  cor¬ 
responding  uniaxial  fatigue  limit  or  strength  merely 
by  replacing  the  fatigue  shear  stress  by  the  effecti¬ 
ve  shear  stress  which  is  the  sum  of  the  fatigue 
stress  and  the  stress  due  to  fretting.  This  is  use¬ 
ful  for  the  engeneering  designer  which  needs  at  the 
preliminary  design  stage  a  method  of  estimating  the 
behaviour  of  a  component  under  fretting  fatigue  Con¬ 
di  tions . 

4.  Conclusions 


(1)  R  test  equipment  for  fretting  fatigue  expe¬ 
riments  was  developed,  which  allows  the  simultaneous 
measurement  of  numerous  experimental  parameters.  The 
normal  force  is  generated  by  an  e l ec t romagne t i ca l l y 
driven  device  under  closed  loop  control  so  that  it  is 
highly  constant  during  the  experimental  run. 

(2)  Programs  for  computer  aided  data  aquisition 
and  analyses  of  experimental  parameters  has  been  de¬ 
veloped.  The  computer  aid  has  been  shown  to  be  essen¬ 
tial  for  the  largely  automatic  control  of  the  tests. 

(3)  0  method  for  the  nondestructive  detection  of 
damage  (cracks)  in  an  early  stage  based  on  magnetic 
induction  measurements  has  been  developed  and  veri¬ 
fied. 
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From  the  experimental  and  analytical  results, 
the  following  conclusions  were  obtained: 

( A )  There  is  a  definite  decrease  in  life  owing 
to  fretting  fatigue  by  both  polished  and  shaped  spe¬ 
cimens  . 

(5)  The  reduction  in  fatigue  strength  of  the 
perpendicular  to  the  sliding  direction  polished  spe¬ 
cimens  is  greater  than  that  of  the  parallel  to  the 
sliding  direction  polished  specimens.  The  reduction 
of  fatigue  strength  increases  with  increasing  normal 
force. 

(B)  The  relative  high  dispersion  of  the  5/N  cur¬ 
ve  obtained  by  fretting  fatigue  tests  is  larger  at 
the  higher  surface  roughness  of  the  shaped  specimens. 

(7)  For  the  group  of  the  shaped  specimens  a 
similar  to  (5)  statement  of  the  effect  of  the  shaping 
direction  on  the  fatigue  strength  is  not  possible  on 
account  of  the  fluctuations. 

(6)  Cracks  usually  develop  from  the  surface  of 
the  specimen  in  the  region  of  contact.  Surface 
cracks  outside  of  the  fretting  region  were  sometimes 
observed  preferentially  on  perpendicular  to  the  sli¬ 
ding  direction  polished  and  shaped  specimens. 

CS)  Comprehensive  information  of  the  fretting 
process  which  influence  the  fatigue  behaviour  is 
obtainable  by  comparison  of  the  simultaneously  mea¬ 
sured  parameters:  friction  force,  normal  force,  li¬ 
near  wear  rate  and  electrical  contact  resistance. 

CIO)  The  effective  shear  stress  in  the  contact 
region  of  the  specimen  may  be  used  to  clarify  the 
early  stage  fatigue  cracks  initiation  and  propaga¬ 
tion. 
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